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Abstract
In the rapid cycling synchrotron of the China Spallation Neutron Source,
the anti-correlated painting was adopted for the design scheme of the in-
jection system. In the beam commissioning, with the optimization of the
anti-correlated painting, the injection beam loss was well controlled and the
injection efficiency has exceeded 99%. Combined with other aspects of ad-
justments, the beam power on the target has reached 50 kW smoothly. In
this paper, we have studied the injection optimization in the beam com-
missioning. Compared to the simulation results of the design scheme, the
transverse beam distribution, transverse coupling effect and beam loss of the
anti-correlated painting in the beam commissioning were somewhat different.
Through the machine studies, we have carefully analyzed these differences
and studied their reasons.
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1. Introduction
The China Spallation Neutron Source (CSNS) is a high power proton
accelerator-based facility with the design beam power of 100 kW and repe-
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Figure 1: The schematic layout of the CSNS.
tition rate of 25 Hz [1][2]. The schematic layout of the CSNS is shown in
Fig. 1. Its accelerator consists of a 1.6 GeV rapid cycling synchrotron (RCS)
and an 80 MeV H− Linac [3]. The RCS accumulates and accelerates an 80
MeV injection beam to the design energy of 1.6 GeV and then extracts the
high energy beam to the target. Its lattice has a four-fold structure with
four long straight sections for the injection, extraction, RF cavity and beam
collimation respectively.
The injection system is the core part of the CSNS accelerator and the
injection efficiency is an important factor that determines whether the ac-
celerator can operate safely [4]. The injection process determines the initial
state of the circular beam and has an important influence on the processes
of beam accumulation and acceleration. For the injection system, the H−
stripping [5][6][7] is adopted to inject the Linac beam to the RCS with high
precision and high efficiency. In order to control the strong space charge
effects [8][9][10], which is the main cause of the beam loss, the phase space
painting is used [11][12][13] for injecting a small emittance beam from the
Linac into the large acceptance of the RCS. The anti-correlated painting
scheme was adopted for the injection system [4][14].
The paper is organized as follows. In Sec. 2, the design scheme of the
anti-correlated painting is introduced and discussed. In Sec. 3, the injection
beam commissioning is studied. The results of the beam commissioning are
given and compared to the simulation results. The summary and discussion
are given in the last section.
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Figure 2: The schematic diagram of the injection system.
2. Design scheme of the anti-correlated painting
In the design stage, by using the codes ORBIT [15] and SIMPSONS [16],
the correlated painting and anti-correlated painting of the injection process
and acceleration process were simulated [17][18][19]. According to the simu-
lation results, compared to the correlated painting, the transverse coupling
effect and beam loss of the anti-correlated painting with the nominal work-
ing point (4.86, 4.78) were smaller. Therefore, the anti-correlated painting
scheme was adopted.
For the CSNS/RCS, the injection system consists of four bump magnets
BC1-BC4 which generates a horizontal chicane bump of 60 mm, four hori-
zontal painting magnets BH1-BH4, four vertical painting magnets BV1-BV4,
two septum magnets (ISEP1, ISEP2), a primary stripping foil (Str-1), and a
secondary stripping foil (Str-2), as shown in Fig. 2.
In the injection process, the circular beam moves from the positive max-
imum to zero in the horizontal plane while it moves from the negative maxi-
mum to zero in the vertical plane. The injection point is located in the lower
left corner of the main stripping foil to reduce the traversal times of the main
stripping foil. Fig. 3 shows the schematic of the RCS acceptance ellipse and
injection beam in the injection process.
For the anti-correlated painting, a square-root-type function for the phase-
space offset of the injection beam relative to the RCS closed orbit is chosen:
X = Xmax − (Xmax −Xmin)
√
t
Tinj
, X ′ = 0, (1)
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Figure 3: Schematic of the RCS acceptance ellipse and injection beam in the anti-correlated
painting process.
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Figure 4: The BH and BV pulse current curves for the anti-correlated painting scheme.
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in the horizontal plane and
Y = −Ymax ×
√
1−
t
Tinj
, Y ′ = 0, (2)
in the vertical plane, where Xmax − Xmin is the horizontal painting range,
Ymax is the vertical painting range, Tinj is the injection time which is 0.39 ms.
Since the injection point of the Linac beam sets at (Xmax, 0), the maximum
horizontal painting emittance depends on |Xmax −Xmin| and the maximum
vertical painting emittance depends on |Ymax|. Fig. 4 shows the BH and
BV pulse current curves for the anti-correlated painting scheme in which the
falling parts of the BH and BV pulse current curves are used for painting.
3. Beam commissioning
In this section, the results and problems of the beam commissioning for
the CSNS injection system would be studied. First of all, the beam param-
eters between the Linac beam and circular beam needed to be matched. In
order to complete the beam accumulation process as soon as possible, the
fixed-point injection method was used in the early stage. With the increase of
injection beam power, the transverse phase space painting was used to reduce
the beam loss. The painting ranges and painting curves were optimized and
compared to the simulation results of the design scheme. In order to solve
the problem of the middle concave of the extraction beam distribution, three
aspects of adjustments were carried out. After the above optimizations, the
injection beam loss was well controlled and the injection efficiency was over
99%. Combined with other aspects of the beam commissioning, the beam
power on the target was over 50 kW and the stable operation was achieved.
3.1. Injection beam parameters matching
In order to measure the injection beam parameters and adjust the injec-
tion beam orbit precisely, the I-dump beam line mode was designed [20], as
shown in Fig. 5. There are four multi-wire scanners (MWs) on the I-dump
beam line. In the beam commissioning, by using two of the four MWs, the
phase space coordinates of the Linac beam at the injection point can be mea-
sured. By adjusting the injection magnets, the phase space coordinates of the
injection beam was calibrated to the reasonable ranges which can basically
meet the requirements of the injection beam parameters matching.
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Figure 5: The schematic layout of I-dump beam line.
Figure 6: RCS DCCT displays when the fixed-point injection and painting injection are
used.
A mismatch of phase space coordinates between the injection beam and
circular beam can lead to non-uniform beam distribution and larger emit-
tances as well as additional beam loss. In Ref. [21], a new and more accurate
method based on multi-turn injection and Fourier fitting was developed to
match the injection orbit. The machine study shows that the mismatch of
injection parameters can be well depressed by using this new method.
3.2. A comparative study of the fixed-point injection and painting injection
Since the injection beam power was relatively small in the early stage
of the beam commissioning, the fixed-point injection method was selected.
However, when the beam power on the target reached 10 kW, there was a
6
Figure 7: Transverse beam distributions changing with the horizontal and vertical painting
ranges when the anti-correlated painting is used.
sudden beam loss in the injection process no matter the matching between
the injection beam and circular beam, as shown in Fig. 6. By using the trans-
verse phase space painting instead of the fixed-point injection, the sudden
beam loss in the injection process was gone. Fig. 6 shows the RCS direct-
current current transformer (DCCT) display when the fixed-point injection
and painting injection are used. It can be found that, with the transverse
phase space painting, the sudden beam loss is gone and the injection effi-
ciency has been improved.
3.3. Study on the painting ranges and transverse coupling effect
According to the simulation results of the design scheme, the horizon-
tal and vertical painting ranges can reach 33 mm and 26 mm for the anti-
correlated painting. In the beam commissioning, in order to measure the
transverse beam distribution after painting, a fast extraction scheme was de-
signed by adjusting the extraction timing and extraction mode. When the
injection painting completed, the circular beam was extracted quickly and
then measured by a multi-wire scanner which is on the beam transport line
from the RCS to the target (RTBT). Therefore, the transverse beam distri-
bution just after painting can be obtained, as shown in Fig. 7. It can be
found that the transverse beam sizes increase with the painting ranges. The
fact that both of the horizontal and vertical beam sizes increase greatly with
the horizontal painting range suggests that the transverse coupling effect is
serious.
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Figure 8: Injection beam loss changing with the horizontal and vertical painting ranges
when the anti-correlated painting is used.
By studying the variation of the injection beam loss with the transverse
painting ranges, the painting ranges have also be optimized, as shown in Fig.
8. It can be found that, when the horizontal painting range is smaller than
25 mm, the injection beam loss begins to grow rapidly. The reason of this
phenomenon is that the circular beam moves from the edge to the center in
the horizontal painting process. If the horizontal painting range is too small,
the circulating beam will be too close to the edge of the vacuum chamber
and resulting in a large amount of beam loss. When the vertical painting
range is greater than 12 mm, the injection beam loss begins to increase
rapidly. Combining the study of the transverse beam sizes and injection
beam loss, the optimal horizontal painting range is 31 mm which is close to
the simulation result. The optimal vertical painting range is less than 15 mm
which is very different from the simulation result.
According to the previous simulation results, the transverse coupling ef-
fect was very small for the anti-correlated painting by using the nominal
working point (4.86, 4.78). However, in the beam commissioning, the trans-
verse coupling effect was serious. In order to study the transverse coupling
effect, the anti-correlated painting processes for different working points were
studied. Fig. 9 shows the transverse beam distributions changing with the
horizontal and vertical painting ranges for different working points. It can be
found that, with the working point (4.79, 4.85) which is used for the stable
operation now, the transverse coupling effect is serious. However, with the
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Figure 9: Transverse beam distributions changing with the horizontal and vertical painting
ranges for different working points when the anti-correlated painting is used.
working point (4.86, 4.80) which is close to the design values, the transverse
coupling effect is smaller. Therefore, different transverse coupling effects
caused by different working points result in the great difference between the
actual vertical painting range and simulation result.
Although the transverse coupling effect of the working point (4.86, 4.80)
is small, the beam instability effect caused by this working point is very
large which produces a large amount of beam loss. On the contrary, for the
working point (4.79, 4.85), although the transverse coupling effect is a little
large, the beam instability effect is very small. The beam loss caused by the
combination of these two effects is small and can meet the requirement of
the stable operation. Therefore, in the beam commissioning, the transverse
coupling effect and beam instability effect should be considered at the same
time in choosing the optimal working point.
3.4. Painting curves optimization
According to the design scheme of the anti-correlated painting, when the
painting curves with a large painting rate in the center and a small painting
rate in the edge for both horizontal and vertical directions, as shown in Fig.
9
Figure 10: Transverse beam distributions changing with the horizontal and vertical paint-
ing curves when the anti-correlated painting is used.
4 and Eqs. (1)-(2), the transverse beam distribution was the most uniform
and the injection results were the best after painting.
In the beam commissioning, by using the fast extraction scheme, the
transverse beam distribution just after painting have be obtained. Fig. 10
shows the transverse beam distributions changing with the horizontal and
vertical painting curves. a = d2I/dt2 is the variation rate of the slope of the
painting curve. Combining the mechanical structure of the CSNS injection
system with Fig. 10, no matter in the horizontal or vertical plane, when the
painting curve with a small painting rate in the center and a large painting
rate in the edge, the transverse beam sizes after painting are small.
By studying the variation of the injection beam loss with the painting
curves, the painting curves have also be optimized. Fig. 11 shows the injec-
tion beam loss changing with the horizontal and vertical painting curves. It
can be seen that, when the horizontal painting curve with a small painting
rate in the center and a large painting rate in the edge, the injection beam
loss is very large. The main reason of this phenomenon is that the circular
beam is very close to the vacuum chamber wall at the beginning in the hori-
zontal plane. If the painting speed is too slow, it is easy to touch the vacuum
chamber wall and result in a large amount of beam loss. Combining Figs. 10
and 11, the optimal horizontal painting curve has a large painting rate in the
center and a small painting rate in the edge. The optimal vertical painting
curve has a small painting rate in the center and a large painting rate in
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Figure 11: Injection beam loss changing with the horizontal and vertical painting curves
when the anti-correlated painting is used.
the edge. Therefore, the optimal horizontal painting curve is consistent with
the simulation result while the optimal vertical painting curve differs greatly
from the simulation result. Fig. 12 shows the difference between the actual
optimal vertical painting curve and the design vertical painting curve for the
anti-painting scheme.
3.5. Optimization of the extraction beam distribution
Although the hollow painting method was not used, the extraction beam
distribution appeared a middle concave in the horizontal plane which is very
different from the simulation result. There may be three reasons for this phe-
nomenon: (1) the injection timing was not accurate enough; (2) the matching
between the injection beam and circular beam was not accurate enough; (3)
the rising edge of the injection beam was of poor quality.
In the beam commissioning, the injection beam timing was precisely ad-
justed, the injection beam and circular beam were accurately matched, and
the rising edge of the injection beam was cut off by using the chopper. Fig.
13 shows the time structure of the injection beam. The upper figure shows
the original injection beam and the lower figure shows the injection beam
after cutting off the rising edge. After these three aspects of optimizations,
11
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Figure 12: The design and optimal BV pulse current curves for the anti-correlated painting
scheme.
Figure 13: The time structure of the injection beam. (a): before cutting off the rising
edge; (b): after cutting off the rising edge.
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Figure 14: Beam distribution on the target. (a): before the injection optimization; (b):
after the injection optimization.
the extraction beam distribution in the horizontal plane was no longer con-
cave in the middle, as shown in Fig. 14. It is consistent with the simulation
result which is close to the Gaussian distribution.
3.6. Achieve 50 kW beam power on the target
After the injection beam parameters matching, stripping foil optimiza-
tion, phase space painting optimization, extraction beam optimization and
injection beam loss regulation, the injection beam loss was well controlled
and the injection efficiency was over 99%. Combined with other aspects of
the beam commissioning, the beam power on the target has exceeded 50 kW
and achieved the stable operation. Fig. 15 shows the RCS beam loss and
the beam distribution on the target of 50 kW beam power. It can be found
that the beam distribution and beam loss have met the requirements of the
stable operation.
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Figure 15: RCS beam loss and beam distribution on the target of 50 kW beam power
when the anti-correlated painting is used.
4. Summary and discussion
In this paper, firstly, the design scheme of the anti-correlated painting
for CSNS/RCS was introduced and studied. Then, the beam commissioning
of the injection system was studied. Compared to the simulation results
of the design scheme, the transverse beam distribution, transverse coupling
effect and beam loss of the actual anti-correlated painting were somewhat
different. By using the machine studies, we have analyzed these differences
and studied their reasons. After the optimization, the beam power on the
target has exceeded 50 kW and achieved the stable operation. In order
to further improve the beam power on the target, the further comparative
study between the correlated and anti-correlated painting schemes should be
conducted in the future.
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